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ABSTRACT 
 
Many vibration engineers are now familiar with single 
beam Laser Vibrometers which are suitable for 
translational vibration measurements but fewer are 
familiar with Laser Vibrometers with a pair of parallel 
probe beams which are used for rotational vibration 
measurements. This paper explains why the parallel 
beam configuration is so effective, comparing this with 
early uses of cross-beam arrangements and concluding 
with an application of these so-called ‘Rotational 
Vibrometers’ in the evaluation of a torsional absorber 
using modal analysis. 
 
NOMENCLATURE 
 
α, β, γ Laser beam orientations 
x, y, z translational vibration displacements 
x& , y& , z&  translational vibration velocities 
xθ& , yθ& , zθ&  angular vibration velocities of the shaft 
around the x, y and z axes (pitch, yaw and 
roll) 
xθ , yθ  angular vibration displacements 
mxΘ , myΘ  Measured pitch and yaw vibrations 
nω  nth frequency component 
xnθ& , ynθ&  Components of xθ& , yθ&  at frequency nω  
Ω total rotation speed of an axial shaft 
element (combining rotation speed with any 
torsional vibration) 
k ( )Ωω n= . 
( )nW ω  Weighting function ( )122 −= kk  
(x0, y0, z0)  known point on the incident laser beam. 
Hφ  Hooke’s Joint inclination angle 
 
1 INTRODUCTION 
 
The development of Laser Vibrometry has its origins in 
Laser Doppler Anemometry (LDA), a technique for non-
intrusive measurements in fluid flows first reported in 
1964, but it is only in the last 10 years that vibration 
measurements using Laser Vibrometers have started to 
become commonplace. Most users are familiar with single 
beam Laser Vibrometers which are suitable for 
translational vibration measurements but fewer users are 
familiar with Laser Vibrometers with a pair of parallel 
probe beams which are used for rotational vibration 
measurements. 
 
This paper explains why the parallel beam configuration is 
so effective, comparing this with early uses of cross-beam 
arrangements. Initially the parallel beam arrangement was 
used to measure the torsional vibrations on rotating 
components such as a crankshaft torsional damper but 
the capabilities of the twin-beam arrangement are limited 
neither to torsional vibrations nor to rotating components. 
These instruments are now more commonly and more 
correctly described as ‘Rotational Vibrometers’ and, in this 
paper, several example applications are described. 
Measurements on rotating components, including pitch, 
yaw and torsional vibrations, are the most challenging and 
may require further processing of the raw data. Speckle 
noise is also a significant issue and this will be described 
in the paper.  
 
The instrument has significant potential for use in modal 
analysis but reports of such use are virtually non-existent. 
This paper concludes by describing a torsional modal 
analysis survey in which a non-contact, electromagnetic 
means of excitation was developed and combined with 
non-contact measurements of torsional vibration. The 
study incorporated analysis of the behaviour of a 
centrifugal pendulum vibration absorber and revealed 
significant details about the operation of the device that 
could only have been obtained experimentally. 
 
2 LASER VIBROMETERS FOR ROTATIONAL 
VELOCITY MEASUREMENT 
 
Optical configurations with two rather than one probe 
laser beam were familiar in LDA where cross-beam 
arrangements were the norm. Torsional vibration 
measurements were first performed with this 
arrangement, as shown in figure 1, and they initially 
proved useful in the assessment of torsional vibrations on 
a six cylinder diesel engine [1]. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Cross-Beam Laser Vibrometer as used for measurement of torsional vibration in early studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Laser Torsional Vibrometer  
 
 
Difficulties were encountered in this application, however, 
particularly with the need for the intersection region to 
remain on the target surface. This introduced problems on 
non-circular cross-sections or in the presence of 
translational target vibration. The optical configuration 
was also sensitive not only to the component of tangential 
velocity that led to the assessment of torsional vibration 
but also to any translational target velocity in the same 
direction. From the commercial point of view, cross-beam 
Laser Vibrometers have generally not attracted significant 
attention (despite their capacity to measure in-plane 
vibrations) and, for torsional vibration measurement, 
interest ceased with the appearance of the Laser 
Torsional Vibrometer [2].  
This instrument’s novel optical configuration incorporated 
two parallel beams and gave inherent advantages of 
insensitivity to target shape and translational vibration. It 
overcame not only the problems encountered with the 
cross-beam arrangement but also those encountered with 
traditional devices for torsional vibration measurement 
such as slotted / toothed wheels with optical / magnetic 
pick-ups. As shown in figure 2, the optical configuration 
incorporates a beam from a low powered laser that is 
amplitude divided by a beamsplitter and then aligned by a 
mirror to produce two parallel beams incident on a 
rotating target (of arbitrary shape). The same optical 
elements collect each component of the backscattered 
light which are then mixed on the photodetector and beat 
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 at a frequency directly proportional to Ω(t). The 
instrument output is proportional to the instantaneous 
rotational speed of the illuminated element, the fluctuating 
component of which represents the torsional oscillation 
(or speed fluctuation), while the steady component is 
proportional to mean rotation speed. The output is 
proportional to two controllable parameters; d, the 
perpendicular distance between the incident laser beams, 
and β, the angle between the plane defined by the 
incident laser beams and the xy plane.  
 
For maximum sensitivity, β is set to zero degrees in which 
case the plane defined by the incident laser beams is 
parallel with the xy plane. Sometimes, limited access 
prevents use of an optimum alignment. For example, 
when assessing crankshaft torsional vibrations, the face 
of the crankshaft pulley may be the only accessible 
surface and β is likely to be closer to 45O than 0O to 
ensure sufficient intensity in the backscattered light. On a 
very high speed rotor, it can be convenient to arrange a 
value of β to ensure that the beat frequency remains 
within the instrument’s working range. Whatever the 
reason, it will be particularly difficult to measure the angle 
accurately and, since this directly affects sensitivity, 
calibration in-situ is recommended. The ratio of an 
independent measurement of the target rotation speed to 
the Laser Torsional Vibrometer’s own estimate of rotation 
speed equals ( )βcos1  which can then be used to scale 
the measured data. The independent measure of rotation 
speed could be achieved using a separate tachometer or 
using the frequency of the rotation orders observed in the 
vibration spectrum. In section 4.3, discussion of laser 
speckle will yield a further possibility.  
 
The insensitivity to translational vibrations results from the 
use of the parallel beam configuration since such motions 
produce identical Doppler shifts in the light scattered from 
each of the illuminated points. This information is then lost 
in the instrument output which depends on the difference 
in frequency between the individual beams. For the same 
reason, although a little more difficult to see, the 
difference frequency is only dependent on the 
perpendicular separation of the beams and not on their 
individual positions relative to the target rotation axis. The 
beams can be both above, both below or either side of 
the rotation axis without effect on the instrument 
performance. These factors make the Laser Torsional 
Vibrometer particularly straightforward to align and use.  
 
2.1 Calibration  
Calibration of instruments for rotational vibration 
measurement is a difficult matter because of the absence 
of any traceable calibration device. For this reason, a 
driveline incorporating a Hooke’s Joint is often used to 
check performance and such a series of measurements 
were made in verifying the performance of the Brüel & 
Kjær Type 2523 Laser Torsional Vibrometer [3]. Figure 3a 
shows the mechanical arrangement for the test while 
figure 3b shows the excellent agreement between 
theoretical and measured 2nd order oscillations at a 
range of rotation speeds. 
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Figure 3a: Performance verification of a Laser Torsional Vibrometer using a Hooke’s Joint 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3b: Comparison of measured and theoretical amplitudes at 2nd order  
 
2.2 Performance Comparison 
In Table 1, a comparison is made of the currently 
available instrumentation with a traditional commercial 
device based on a toothed wheel and proximity sensors. 
The Rotational Laser Vibrometers match the technical 
specification of the traditional device in all but RPM range 
but it should be borne in mind that the Laser Vibrometers 
can be deliberately de-sensitised by increasing β and this 
enables operation at higher speeds. As well as matching 
the technical specification, use of a Laser Vibrometer 
incurs negligible downtime and requires no modifications 
to the machine under test. These are significant benefits. 
 
Transducer Frequency 
range (Hz) 
RPM 
range 
Angular 
velocity 
range, 
deg/s pk 
Angular 
displacement 
range, deg pk 
Brüel & 
Kjær 2523 
0.5-1k 30-
7200 
0.3 – 
10,000 
0.01 – 17.2 
Polytec 
OFV-4000 
0.5 – 10k -7000- 
11000 
Up to 
60,000 
Up to 10 
Bently 
Nevada 
TK17 [4] 
Up to 
500Hz 
400 - 
20000 
 0.05 - 1 
 
Table 1 - Comparison of traditional torsional vibration 
transducers and Laser Rotational Vibrometers 
 
3 COMPREHENSIVE VELOCITY SENSITIVITY 
MODEL 
 
With a single incident beam oriented according to the 
angles α and β (refer to figure 4a), the velocity sensed is 
given by [5]: 
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where x& , y&  and z&  are the translational vibration 
velocities, x, y and z are the translational vibration 
displacements, Ω is the total rotation speed of the axial 
shaft element (combining rotation speed with any 
torsional vibration), xθ , xθ& , yθ , yθ&  and zθ&  are the 
angular vibration displacements and velocities of the shaft 
around the x, y and z axes (pitch, yaw and roll) and (x0, y0, 
z0) is a known point on the laser beam. 
 
Figure 4a: Laser beam orientation, α and β 
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 This equation shows that the measured velocity is the 
sum of six terms, each the product of a combination of 
geometric parameters and a combination of motion 
parameters - the “vibration sets”. The six vibration sets, in 
square brackets, are inseparable combinations of different 
motion parameters and, no matter how a laser beam is 
aligned, only the sets can be measured directly. The six 
vibration sets in equation (1) are referred to by the 
vibration parameter that might be regarded as the 
intended measurement. These are, in the order 
presented, the x radial, y radial, axial, pitch and yaw 
vibration sets and the rotation speed set which includes 
torsional vibration.  
 
With single beam laser vibrometers, beam orientations 
can be found to isolate the radial and axial vibration sets. 
Isolation of the rotational vibration sets, however, requires 
0sinsincoscoscos === βαβαβ  to which there is no 
solution. Isolation of these sets requires use of an 
additional beam with the same angular orientation but 
different (x0, y0, z0) which implies use of parallel beams. 
Although equation (1) refers to a single beam collected in 
direct backscatter, it can still be seen by considering each 
beam separately that the cross-beam measurement will 
be sensitive to the y radial set and the rotation speed set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4b: laser beam orientation, γ  
 
Repeated application of equation (1) allows analysis of 
multiple beam configurations. Figure 4b shows the vector 
d
r
 which defines the orientation of the plane of the parallel 
laser beams and has a magnitude, d, equal to the 
perpendicular beam separation. In an interferometer, the 
difference velocity, mU∆ , is obtained conveniently and 
the velocity measured in the parallel beam configuration is 
given by [6]: 
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While the torsional measurements described in the 
previous sections do not suffer cross-sensitivities 
(accepting that the torsional vibration and roll motion of 
the shaft are not directly distinguishable), pitch and yaw 
measurements are clearly sensitive to each other. Table 2 
summarises the configurations enabling isolation of each 
of the rotational vibration sets. 
 
Orientation  
Desired 
measurement α β γ 
 
Side / End 
of shaft? 
0 2/π±  2/π  End Pitch set, ( )yxd θΩθ +&  2/π  β  0 Side 
2/π  2/π±  2/π  End Yaw set, ( )xyd θθ Ω−&  0 β  0 Side 
Rotation speed set, ( )Ω+zd θ&  α 0 2/π  Side 
 
Table 2  - configurations enabling isolation of each of the 
rotational vibration sets 
 
This table shows that in order to measure the rotation 
speed set, with immunity to other angular vibrations, the 
beams must be orientated perpendicular to the shaft 
rotation axis at any angle α. While torsional vibration 
measurements are, indeed, insensitive to translational 
vibration measurements, they are sensitive to other 
angular vibrations when 0≠β , as equation (2) confirms. 
The influence of other angular motions is application 
specific but guidelines generated for use in automotive 
engine applications [7] conveyed the idea of a safe 
working angle range of around 20O either side of the ideal 
alignment. 
 
4  MEASUREMENTS DIRECTLY FROM ROTORS 
 
Measurements directly from rotating targets are often 
highlighted as a major application of Laser Vibrometers 
because of their non-contact operation and inherent 
immunity to shaft run-out. 30 years ago, one of the first 
reported LDV applications was for axial vibration 
measurement directly from a rotating turbine blade and 
new applications continue to emerge. A feature of much 
early work was prediction of acceptable performance but 
only in the presence of a single vibration component, 
neglecting the effects of other components present in the 
more complex motions likely to be encountered in 
practice. The presence of a velocity component due to the 
rotation itself, however, has an important effect on the 
measured velocity. The effect was first reported for radial 
vibration measurements [7]. 
 
4.1 Cross-sensitivity in measurements directly from 
rotors 
Equation (2), which gives the fullest available description 
of velocity sensitivity, shows how an intended pitch 
measurement, xθ& , will result in a measured velocity, mxΘ& , 
that is affected by yaw: 
 
yxmx θΩθΘ += &&  (3a) 
x
z 
y 
d
rγ
 and, similarly, an intended yaw measurement, 
yθ& , will 
result in a measured velocity, 
myΘ& , that is affected by 
pitch: 
 
xymy θΩθΘ −= &&  (3b) 
 
In practice, it may be possible to assume the effects of 
additional shaft motions are negligible, enabling direct 
measurement. For example, if the amplitudes of the 
vibration components are known to be similar then the 
intended measurement dominates at frequencies much 
higher than rotation frequency. In a general case, 
however, reliable estimation of components requires post-
processing as set out in section 4.2.  
 
4.2 Resolution of cross-sensitivity  
A solution to resolve steady-state, non-synchronous rotor 
vibrations, in the absence of speed fluctuations, requires 
simultaneous orthogonal measurements to be combined 
with a speed measurement, followed by a post-processing 
operation performed on a frequency-by-frequency basis 
[9]. For example, for yaw vibration at frequency nω : 
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where the weighting ( ) ( )122 −= kkW nω  and ( )Ω= nk ω . 
Similarly, for pitch vibration: 
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The genuine vibration velocity components can therefore 
be resolved by evaluating the bracketed terms of 
equations (4a&b) and then weighting by the frequency 
dependent term W(ωn). Inspection of these equations 
shows that the weighting term is infinite and the bracketed 
term is zero for synchronous vibrations, i.e. Ω=nω , which 
makes this technique unsuitable for synchronous vibration 
measurement. This leads to a gap in the resolved data at 
the synchronous frequency and a velocity-time trace 
cannot be reconstructed. This is not a limitation of the 
post-processing technique but a limitation on the use of 
Laser Vibrometers for rotational (or translational) vibration 
measurements on rotors. A measured synchronous 
component can only be considered as a conservative 
estimate of the sum of the two (either angular or radial) 
velocities. 
 
4.3 Laser Speckle and Pseudo-Vibration 
When a coherent laser beam is incident on a surface that 
is optically rough, i.e. the surface roughness is large on 
the scale of the laser wavelength, the component 
wavelets of the scattered light become dephased [9].  
This condition is satisfied by almost all of the surfaces 
likely to be encountered in engineering structures and 
also by surfaces coated in retro-reflective paint or tape, 
commonly used as a surface treatment. The dephased, 
but still coherent, wavelets interfere constructively and 
destructively, thus resulting in a chaotic distribution in 
backscatter of high and low intensities, referred to as a 
“speckle pattern”.  When retro-reflective tape is used, the 
speckle pattern is usually visible on the front of the 
Vibrometer body. Figure 5 shows a typical speckle 
pattern. 
 
 
 
Figure 5 Laser Speckle Pattern 
 
The formation of a speckle pattern is of little practical 
consequence unless the speckles start to move or evolve 
in response to target motions. Figure 6a shows the form 
of the Laser Vibrometer output from a “measurement” on 
a non-vibrating, rotating target. This is “speckle noise” and 
it is one of the most significant issues to be resolved in 
Laser Vibrometry, particularly for applications on rotating 
components, such as torsional vibration measurements, 
where speckle noise levels are highest. In this 
measurement, the RMS level observed is just less than 
60deg/s (in the frequency range 0-10kHz). The frequency 
content of the speckle noise is worthy of further 
consideration.  If the speckle pattern changes are induced 
by target motions such as rotation, which, in general, will 
be periodic with the same fundamental frequency as the 
vibration of interest, then the speckle noise will be 
pseudo-random in nature with the same fundamental 
frequency as the vibration of interest.  
 
The periodic nature of the speckle noise is apparent in 
figure 6a, the added circles are intended to aid the reader 
in seeing the periodicity. The characteristic spectrum of a 
pseudo-random noise signal consists of approximately 
equal amplitude peaks at the fundamental frequency and 
higher order harmonics.  This additional information, first 
described as pseudo-vibration [11], will be 
indistinguishable from the genuine vibration information 
[12] and a typical spectrum from a “measurement” on a 
rotating target is shown in figure 6b. The strength of the 
harmonic peaks serves to emphasise the periodicity of the 
output signal. A typical characteristic of the speckle noise 
generated in measurements on rotating targets is the way 
that the amplitudes of the harmonic peaks are maintained 
up to very high frequencies. Figure 6b shows peaks up to 
15x fundamental frequency but the speckle peaks in this 
 data maintained their amplitude well above 100x 
fundamental frequency. Typical levels of between 1 and 
10 deg/s at the multiples of rotation speed are shown. 
These peaks are generally undesirable because they limit 
the ability to measure accurately at the frequencies that 
are likely to be of significant, or even greatest, interest. 
The peaks do, however, provide a reliable and 
independent rotation speed measurement that can be 
beneficial for in-situ calibration. In the figure, the harmonic 
cursor is shown giving a harmonic spacing of 19.1Hz 
corresponding to rotation speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6a: Speckle noise in time domain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6b: Speckle noise in frequency domain 
 
 
5 CRANKSHAFT PULLEY BENDING VIBRATION 
 
In this bending vibration application, the post-processing 
technique described by equations (4a&b) was used to 
resolve the pitch and yaw vibration from simultaneous 
pitch and yaw measurements on the crankshaft pulley of 
a running diesel engine. Figure 7 shows a waterfall plot of 
the resolved crankshaft pitch vibration across a range of 
engine speeds. The broad peak around 450Hz 
corresponds to the first bending mode of the crankshaft 
confirmed using modal testing of the stationary crankshaft 
[13]. These were the first known resolved measurements 
of crankshaft pitch and yaw to be taken on a running 
engine by non-contact means and without modification to 
the engine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Waterfall plot (vibration amplitude, deg/s, vs. 
frequency, Hz) of crankshaft pitch vibration as a function 
of RPM. 
 
6 ANALYSIS OF A CENTRIFUGAL PENDULUM 
VIBRATION ABSORBER (CPVA) 
 
In the absence of suitable excitation and measurement 
techniques, experimental torsional modal analysis on 
rotating systems has been limited. Using a laser torsional 
vibrometer to measure response and a novel, 
electromagnetic device to provide a controllable and 
measurable torsional excitation [14], frequency response 
functions were obtained from a test system without 
modification. To demonstrate the depth of information 
made available, the technique was applied to the study of 
a centrifugal pendulum vibration absorber (CPVA) [15], a 
device used to control the resonant modes of a shaft 
system and which must be rotating in order to function. In 
a rotating system, the CPVA is tuned to a fixed order of 
excitation in contrast with other devices, such as viscous 
dampers or elastomeric absorbers, which have a 
broadband effect or are tuned to a specific frequency of 
excitation. Accurate measurement of the tuning of each of 
the three individual pendulums making up the absorber 
was achieved emphasising the usefulness of the 
technique to the engineer.  
 
The experimental shaft system, consisting of three main 
inertias connected by elastic shafts, is shown in figure 8 
which shows the nine locations used for measurements in 
the modal analysis. The excitation system comprises two 
electromagnets (diameter 80mm) positioned axially and 
on either side of the inertia disc at location 8 and with their 
radial position optimised for maximum braking torque 
(120mm from shaft centreline). These results show in 
considerable depth the effect of adding a CPVA attached 
to the central location on the shaft.  
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Figure 8: Experimental shaft system for Torsional Modal Analysis of a Centrifugal Pendulum Vibration Absorber 
 
  
 
Figure 9a: FRF with locked absorber 
 
 
Figure 9b: FRF with functioning absorber 
 
 
In initial tests with the absorber locked, the motor was run 
up to the required constant speed and the electromagnet 
input swept through a frequency range, encompassing the 
system torsional modes of interest, with constant peak-to-
peak voltage.  
 
Figure 9a shows the FRF from a sine-sweep test from the 
location of the locked absorber. This transfer point shows 
the first three non-zero natural frequencies of the system, 
subsequently referred to as Modes I to III. With the locked 
absorber it is a simple matter to create a lumped 
parameter model of the shaft system and this also 
confirmed that the FRFs were as expected.  
 
With the absorber tuned to 6th order and the shaft rotation 
speed fixed to put the resonance tuning of the functioning 
absorber into the response of Mode I of the locked 
absorber system (nominally 300rpm), the effect of the 
functioning absorber is apparent in the FRF of figure 9b.  
 
Mode I has been split into two smaller peaks, Modes Ia 
and Ib. Between Modes Ia and Ib, a series of minima are 
apparent, which were subsequently demonstrated to be 
related to the slightly different tunings of the individual 
pendulums. 
  
 
Figure 9c: FRF with pendulum 1 unlocked 
 
Figure 9d: FRF with pendulum 2 unlocked 
 
Figure 9e: FRF with pendulum 3 unlocked 
 
Figures 9c-9e show the FRFs with only one pendulum 
free at a time. The apparent tuned orders for each 
individual pendulum correspond well with the three 
minima seen for the fully functioning absorber in figure 9b. 
 
The different tuning of each pendulum was not a 
deliberate aspect in the CPVA design but it does serve as 
a useful example of how the modal analysis data can be 
useful to the engineer. Further analysis identified that the 
critical feature of the pendulum design was the diameter 
of holes in the carrier through which the pendulum pins 
are located. 
 
7 CONCLUSIONS 
 
Laser Vibrometry is now an established technique for 
vibration measurement complementing use of traditional 
transducers in situations where remote or non-contact 
operation is beneficial or essential. Translational vibration 
measurement is now relatively mature but rotational 
vibration measurements are still much less common. This 
paper has described applications to bending vibration of 
an automotive crankshaft on a running engine and to 
torsional modal analysis of a system incorporating a 
centrifugal pendulum vibration absorber. The 
understanding of the laser speckle phenomenon, the 
capability given by the comprehensive velocity sensitivity 
model and growing experience of diverse applications 
mean that engineers and researchers are now well placed 
to take maximum advantage from Rotational Laser 
Vibrometers too.  
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